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Abstract

A single coil (solenoid), nuclear magnetic double resonance

sample probe, suited for a wide variety of solid state studies , is described .

It was designed to be used in double resonance experiments where it is

necessary to generate intense rf magnetic fields (rotating components with

amplitudes “.~5O gauss) at two widel y spaced frequencies and to simultaneously

detect microvolt-level signals. Designs for operation over the 12-270 MHz

frequency range are discussed .
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I. Introduction

A critical element of a pulsed nuclear magnetic resonance (NMR)

spectrometer suitable for work in solids is the sample probe, a unit designed

for applir.ation of intense rf magnetic fields to the sample and for

detection of the resulting weak rf magnetic fields generated by the sample.

This paper will describe a single coil , double resonance sample probe which

has been used for a variety of NMR experiments, including both high resolution

solid state studies I:1
~
2n 3) and liquid studies~

4
~. These experiments required

the generation of rf fields in the sample with rotating components of %50 gauss

ampl i tude at two different frequencies simultaneously, as well as the abilit y

to observe weak NMR signals at both frequencies .

Since the probe characteristics often set the practical limitations on

the performance of an NMR spectrometer, there have been numerous discussions

of probe design in the literature in recent years(5_16) , and we will limit our

discussion to a presentation of the criteria needed for the recently developed

solid state, doubl e resonance experiments (1_3) and a discussion of a particular

design we have found conven ient and satisfactory over a wide frequency range

(from 12-270 MHz). This design is useful when the two rf frequencies are

sufficiently separated (a factor of four in our experiments).

II. The Sample Probe

The high resolution , solid state double resonance NMR schemes developed
(1_3)

require : (a) the generation of rf field strengths of near 50 gauss in the

rotating frame at each of two widely separated frequencies , (b) a low degree

of rf field inhomogeneity (less than 0.5% over the sample volume ) at both

frequencies , C c) the spatial pattern of rf field inhomogeneity within the

.. . . —- . . ..~i. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ....~~ .. .i . — ~~~~~~~~~ ~~~~~
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coil to be identical at both frequencies , (d) and the capability of

detecting microvolt-level signals in the solid at each of the rf frequencies

while subjecting~. or within severa l microseconds after subjecting , the solid

to a high-level (100 watt) i rradiation at the second frequency. Essentially,

all of these criteria are most easily satisfied by using a single coil for

transmitting and receiving both frequencies (5 16), although is does require

some electronic means of isolatin g, or separating, the two frequencies . A single

coil configuration is particularly compatible with the restricted space

available in the high field magnets .

The design we have found most useful is illustrated in Figure 1. A piece

of coaxial cable , one-fourth of a wavelength (A/4) at the higher frequency

serves a critical isolation role(9~
17) by enablin g the single coil L to be

the inductance in two resonance circuits , each of which can be tuned and impedance

matched at its own frequency. It also prevents high-frequency power loss

¶ into the l ow-frequency source while the loss of low-frequency power into the

high-frequency source is prevented by keeping C3 small. This system allows

both frequencies to have high Q response and yet furnishes the needed frequency

isolation. This scheme has been used over the past two years at a variety

of frequencies, and the detailed discussion of the

probe circuit will be divided into two sections: one to describe the lower

frequency version used for 13C (14.2 MHz) - 1H(56.4 MHz) and 207Pb(12.5 MHz) -

19F(56.4 MHz) double resonance in 14 kilogauss fields , and the other to describe

the high-frequency version for 13C(68MHz) - 1H(270 MHz) experiments in a

63-kilogauss superconducting magnet.

A rather standard system of equations needs to be solved to estimate the

component values for a particular case. Tuning and impedance—matchin g conditions

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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on the l ow-frequency circuit require, respectively:

~~ ~~~~ (1)
1 1  1 2

W
1C2 

‘si v’R R01 (2)

and similar conditions for the high-frequency circuit require:

1 
+ 1

”~ w L  (3)
H whC3 whC4 h

W hC4 
‘\‘ /R ROh (4)

and w
h are the low and high frequencies in radians per second; R01 and Roh

are the desired input impedances; and R is the effective series resistance

of the coil. These equations were obtained from an essentially zerot~
’
~ order

approximation that involves ignoring small residual effects of C 1 and C2 on the

high-frequency response and of C3 
and C4 on the l ow-frequency response of the

probe. As long as the inequalities

Roc
2whC2 >> W~L (5)

I . C1, C2 >> C3 (6)

(where Roc is the coaxial cable characteristic impedance)

are maintained , this appears to be an adequate description , particularly since

one must expect that the effective , in circuit, values will be affected (strongly

at high frequencies ) by the geometrical configuration of the probe , and thus the
‘18’

L 

final values of all components must be empirically adjusted ’ ~. A proper choice

of coil inductance , L , allows one to maintain inequa lities (5
~
6)

_ _ _ _ _
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as long as- the two frequencies are sufficiently different. The low-frequency

impedance matching capacitor , C2, and the high-frequency impedance matching

capacitor , C4, are shown as fixed capacitors since impedance matching is not so

critical as to require continuously adjustable capacitors at those points ,

and the practice was to add in parallel small fixed ceramic capacitors (19 )

to arrive within a few percent of the desired impedance. C1 served as the

l ow-frequency tuning capacitor while C3 maintained the high-frequency tuning

condition, and although both capacitors affect the tuning of both high and

low frequency resonance , the large difference in the size of the capacitors

C1/C3 ~ ~h
2/w 1

2 allowed nearly independent tuning . Point B is the high -impedance

(high voltage) point for the higher frequency , while point D is the high-

impedance point for the lower frequency , and , consequently, both capacitors

C1 and C3 must be able to withstand the several kilovolts present at 100 watts

of appl ied rf power.

A. Low-Frequency Version

For the situation where the probe was tuned for — = 14.2 MHz and
= 56.4 MHz and with Roh 

= 200 c~ and R 1 
= 50 c2, we obtained a circuit with

= 80, and = 60 when we used a solenoidal sample coil 1.5 cm long and 6 mm in
diameter consisting of 14 turns of fl attened #20 copper wire (measured inductance
of 0.36 pH). The nominal (low-frequency ) va l ues of the capacitors used were:
C1 = 230 pf, C2 

= 820 pf, C3 
= 28 pf, and C4 = 94 pf. The actual effective , in

circuit , values of these capacitive elements differed substantially, particularly
for the larger values of capacitance, from the nominal va l ues as can be seen in
comparing the reported values with the results of Equations 1-4.

The coil was designed to both furnish the desired inductance , L , and an intense,
uniform H1 field (H1 inhomogeneity was measured to be 0.3% over a 4 mm diameter
spherical sample , and with 100 watts of input power on both high and low
frequencies , H1 field strengths of 50 gauss were obtainable).

This version of the probe was designed for operation within a 4.8 cm wide
gap of a conventional el ectromagnet, and consequently, no severe space problems 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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were encountered , and it was possible , for example , to use a conventional

variabl e vacuum capacitor as part of C1. A simpl e variable ceramic trimmer in

parallel with a fixed ceramic capacitor was used for C3. Temperature regulation

capability was obtained by encasing the sample coil in a glass dewar (unsilvered )

and simply passing the coil l eads through the dewar walls. In addition , the

probe was designed for use with an already existing rotational device for

use in single crystal studies .

It was found necessary to take c-are to remove all diel ectric materials

containing protons when the proton signal was to be observed . In particular ,

a teflon dielectric A/4 cabl e was used in this case, and likewise when the

fluorine signal was to be observed , no fl uorine-containing material was allowed

as a dielectric.

B. High-Frequency Version

Because of the inherent difficul ty of working with the high rf

frequency used in this version (270 MHz), special care had to be taken in the

physical construction of the probe and its components to avoid additional and

undesirable inductances and capacitances. The solenoidal sample coil was

again constructed from flattened copper wire (#16 flattened to a width of 2 mm)

which was wound into a 9-turn ,1.4 cm long coi l of 6 mm diameter. The measured

inductance of the coil was near 0.16 pH and stayed frequency independent to

wel l beyond 270 MHz. The high-frequency tuning and impedance-matching

capacitors C3 and C4 were combined into a single cyl i nderical unit which is

illustrated in Figure 2. The capacitor C3 was formed by the central copper

rod (which is connected directly to the coil at point B) and the adjustable

inner cylinder. This capacitor has a restricted , but usable tuning range of

from 1.5 to 3.5 pf. The capacitance between the outer two cylinders is near

_~ 1~ : T  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --
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40 pf, and since the outer cylinder is grounded , it constitutes the main part

of the matching capacitor , C4. Final adjusting of C4 was accomplished by adding

small fixed ceramic capacitors (19) between point C and the outer cylinder. This

geometrical configuration allowed effective shielding of the bulky C3
capacitor and furnished a low inductance ground connection between the incoming

cable shielding and the ground side of the coil L (the incoming cable was

soldered to the bolt at point C and the ground to the outer cylinder at that

point). In this geometry it was necessary to add 36 pf of additional capacitance

between point C and the outer cyl i nder for a 50 ohm impedance match with the

incoming 270 MHz signal. For capacitor C1 a variable capacitor identical in

construction to that used for the C3 part of the cylinderical unit illustrated

in Figure 2,was used with additional fixed cerami c(19) capacitors in parallel

to give a total capacitance of 32 pf. The A/4 cable was a teflon-dielect ric

coaxial cable. The low-frequency matching capacitor , C2, was large , 350 pf ,

and care had to be taken in its placement in order to maintain its value because

even short leads could add sufficient inductance to radically alter its

impedance. The exact length of the co-axial cable was determined experimentally

such that the connection of the cable did not change the resonance frequency

of the 270 MHz portion of the probe. With the A /4cable disconnected the Q of the

270 MHz reso~iant circuit was 300, and upon connection of the A/4 cable , this figure

dropped to 150. The Q of the 67.9 MHz portion was measured to be near 80, and no

measurabl e power loss coul d be attributed to the A/4 cabl e at this frequency .

_ _

~
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The application of 330 watts of 270 MHz power was required to produce H1 f i e l d

strengths of 33 gauss , indicating some additional loss ~echan i sm s ti l l

unaccounted for in comparison to the l ow-frequency version . It was found

necessary to use three ceramic capacitors (19) in series for the padding

capacitor in parallel with the adjustable portion of C1 since the appli cation

of 300 watts was sufficient to cause arcing across a single capacitor in this

position .

III. Qperational Characteristics

The actual operational configuration for the probe is i l lustrated in

Figure 1. A power-activated diode (PAD) switch~
20) was used to coup le the

transmitter and receiver to the probe circuit for the lower frequencies , and

a V4 arrangement (8
~

16) was used for coupling at the higher frequency .

Commercially availabl e filters (21
’) were used at the probe inputs as illustrated

in Figure 1. A wideband receiver (5- 300 MHz), which has been previously

described~
22
~,was used for observing both frequencies by simply connecting

the appropriate signal line to the receiver. The ability to use the sarrie

wideband receiver for both high and low frequency signals emphasizes the

frequency isolation obtained with the combination of probe and com mercial

filters .

The probe was operated in two modes . In one case it was neLessary to

observe one frequency in the mid st of a complex pulse cycle where , during a

window of a few microseconds , no rf was being applied at either frequency .

In this case the commercial fi l ters were not used since they hindered recovery

times. A 100-watt signal applied to either i nput of the probe resulted in

a 10—15 volt peak-to-peak leakage signal at the opposite input , and this was

I

- - - - . - ~~~~~~~~~~~~~~~~~~~~~~~~~ :~::~~~~I~~~~~~~



9

further reduced to less than one volt by the time it arrived at the

receiver. The receiver was designed to handle volt-level transients (2~~,

and si gnals could be observed , for exam p le , from either protons or carbon-13

in the norma l 4 microsecond sampling window of the eight -pulse cycle

with a cycle time of 48 mi crose cond s. In the secon d mode , it was necessary

to observe one signal while simultaneously applying hiqh rf power to the

probe at the second frequency. The use of both of the commercial filters was

necessary in this case in qrder to: (a) protect the receiver from overloading

due to the high power rf signal at the second frequency , and (b) pr2vent

the high—power input signal from containing any rf component at the detection

frequency (once a signal of this sort reached the probe , it could not be

removed by any f i lter i ng w i thout also f i lter i ng out the NMR s ignal to be

observed).

An exam p le of the performance of the probe in this second mode is

i l lus tra ted i n Fi gure 3, which is an oscilloscope photograph of the 207Pb

• NMR signal observed in PbF 2, with (bottom) and without (top) decoupling the

19F. In the upper trace no fluorine decoupling power has been applied and t i e

207 Pb si gnal decays too rapidly (due to heteronuclear dipola r interactions) to

be observed on this timescale (5 rnsec total scan), wh i le i n the lower tr ace

• 

- 

fluor ine decoupling power has been applied and the 207Pb signal is clearly visible.

One notes that the presence of the high-power level of fluorine irrad tion ~ s

not produced any noticeable increase in the noise observed at the 207Ph frequency.

— 
Other examples of the qualit y of data obtained can be found in recently

publ i shed pa pers~2~3~4) .

_ _

~

•~



- —~~~, . ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~

10

Acknow ledgment

This work was supported by the Office of Naval Research. In addition ,

-, 
we would l ike to gra tefull y acknowl e dge funds used for construc tion of the

NMR spectrometers from the National Science Foundation , the Alfred P. Sloan

Foundation , the Camille and Henry Dreyfus Foun dat i on , the Ford Motor Company ,

and the Mobil Oil Corporation. Discussions with John Yehie and Dr. J . E. Piott

are grotefully acknowledged .

I.

F
4 

_ _
~~~~~~~~

_ _,__1 _ ~~~
_
~ . -~~~~~~~~,



11

References

On leave from the Weismann Ins titute of Science, Rehovo t, Israel .

1. M. E. Stoll, W-K . Rh im, and R. W. Vaughan , J. Chem . Phys. 64, 4808 (1976).

2. M. E. Stoll , A . J. Ve ga , and R. W. Vaughan , J. Chem. Phys. 65, 4093 (1976). - 

-

3. rEl. E. Stoll , A. J. Vega , and R. W. Vaughan , Proceed i ngs of the X IX~~

Congress Ampere , Heidelberg, Germany , 1976. In press.

4 . M. E. Stoll , A. J. Vega , and R. W . Vau ghan , submitted for publication.

5. W . G. Clark , Rev . Sc i . Instrum . 35, 316 (1964).

6. W. G. Clark and J. A. McNeil , Rev . Sci. Instrum. 44, 844 (1973).

7. I. J. Lowe and M. Engelsberg , Rev . Sci. Ins trum . 45, 631 (1974).

8. I. J. Lowe and C. E. Tarr , J. Phys. El , 320 (1968).

9. V. R. Cross , R. K. Hes ter , and J. S. Waugh, Rev . Sci . Instrum . 47, 1486

(1976).

10. J. D. Elle tt , M. G. Gibby , U. Haeberlen, L. M . Huber , M. Mehring, A. Pines ,

and J. S. Wau gh , Advances in Magnetic Resonan ce (Ed.: J. S. Wau gh). Vol . V ,

p. 117 , Aca dem i c Press , New Yo~-k , 1971.

11. K. W. Gray , W. N. Hardy, and J. 0. Noble , Rev. Sci. Instrun ’. 37, 631 (1966).

12. R. A. Mc Kay and D. E. Woessner , J. Sci. Instrum . 43, 838 (1966).

13. N. Tra ppeniers , N . J. Gerritsma , P. H. Oosting, Physica 30, 997 (1964).

14. M. Mansfield , J. G. Powles , J. Sci. Ins trum.40, 232 (1963).

15. I. J . Lowe and D. E. Barnaal , Rev. S d .  Instrum . 34, 143 (1963).

16. U. Haeber len, Ph.D. Thes i s , Tech . Hoch schule , Stuttgart. 1967.

17. The use of a A/4 cable for fre quency i solat i on w it hi n t he pro be was

initially suggested to us by Prof . H. Mehring (unpublished material).

—• ~~~~~~ _•~~~~~~~~n,~~~~ 
- -- - - -

~~~~~~~~~~~~~~~~~~ ~~~~-- ~
-—-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~ 

--



:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

12

18. Empirical characteriza tion of circuit behavior was accomplished with a

Hewlett-Packard impedance meter below 100 MHz and a vector voltmeter

(Model 8405A) above 100 MHz.

19. American Technical Ceramics , 1 Norden Lane , Huntington Station , New Yor k ,

high voltage ATC Model B capacitors .

20. J. E. Piott , 0. L. Husa , and M. Lipsicas ,submitted for publication.

21. Cir-Q—tel Inc., 10504 Wheatley Street, Kensington , Maryland 20795.

22. R. W. Vaughan , 0. 0. Elleman , L. M. Stacey , W .-K. Rhim , and J. W. Lee,

Rev. Sci. Instrum. 43, 1356 (1972).

± 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



Figure Ca ptions

-: Figure 1: (A) Schematic diagram of double resonance probe. The high-frequency

connection is at point C , while the low-frequency connection

is at point A . Inductor , L, represents the sample coil ,

R represents losses in the coil and remaining circuit , and f

is the length (x/4 at the high frequency) of a piece of coaxial

cable.

(B) Connection of probe to receiver and transmitter. The opt ional

fi lters ( F1 and Fh ) are shown wi th dotted outline , and the connection of

either frequency to the broadband receiver is made through a

conventional A/4 arrangement ora PAD switch (P).

Figure 2: Cross section of unit wh ich comprises capacitors C3 and C4 in higher

frequency version of probe. Points B and C correspond to those in

Figure 1. Respective diameters are: a = 0.32 cm ,

b = 1.U cm, c = 1. 59 cm, d = 2.22 cm , e = 2.38 cm , and f = 0.64

cm. A similarly constructed un it , wi thout the outer metal ground

(d and e), served as the adjustable portion of capacitor C1.

Figure 3: Free-induction decay of 207 Pb in solid PbF2 without (top trace)

- - and with (bottom trace) 19F decou pling. The horizontal axis is

5 msec ful lscale , and no 207 Pb NMR signal is observed in the top trace

on this tiniescale due to heteronuclear dipo lar broaden ing, while

the decou p led 207Pb signa l is apparent in the l ower trace. Comparison

of the two traces shows no observable increase in the noise level

on the 12.5 MHz channel (207 Pb) when high power is applied to the

56.4 MHz channel ( F).
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